Ozone concentrations in the Po Valley of Northern Italy often exceed international regulations. 22
Introduction 14
Stagnant air masses, abundant solar radiation, and high anthropogenic emissions make Northern 15 Italy's Po Valley one of Europe's most polluted regions. Previous measurements have shown 16 that the regional O 3 background can reach as high as 90 ppb (Liu et al., 2007) . Photochemical 17 ozone production is tied to the reactions of NO x (NO+NO 2 ), HO x (OH+HO 2 ), and volatile 18 organic compounds (VOCs). In the troposphere, NO 2 photodissociates to form oxygen atoms 19 (R1), which then react with molecular oxygen to generate O 3 (R2). The partitioning of NO x 20 between NO and NO 2 determines the production rate of O 3 . The hydroxyl-radical (OH) initiated 21 oxidation of VOCs creates peroxy radicals (XO 2 = HO 2 + RO 2 ) (R3). These radicals shift the 22 partitioning of NO x radicals towards NO 2 (R4), thus increasing the net ozone production rate. In this analysis, we define the net ozone production rate (P(O 3 )) as the calculated difference 28 between the NO 2 photolysis rate (R1) and the rate of NO to NO 2 conversion by O 3 . compact version of the instrument described by Lou et al. (2010) . The accuracy of the OH 13 reactivity data is 10%, with ± 0.5 s -1 systematic error of the zero-air decay rate coefficients 14 (Gomm, 2014) . Speciated C4-C11 VOCs, acetonitrile, and select oxygenated VOCs were 15 measured by a fast gas chromatograph / mass spectrometer system with a time resolution of 180 16 s and 1 σ precision between 3% and 10% (Jäger, 2014) . In addition, OH, HO 2 , NO, NO 2 , O 3 , 17 CO, HONO, particle concentration/size distribution, solar actinic flux densities, temperature, 18 pressure, relative humidity, and 3-D wind were measured simultaneously. 19
Model simulations 20
The Chemistry of Atmosphere-Forest Exchange (CAFE) model is a 1-D chemical transport 21 model which has previously been used in steady-state analysis of trace gas fluxes above a pine 22 forest (Wolfe and Thornton, 2011; Wolfe et al., 2011). For this study, the CAFE framework has 23 been adapted to run in a time-dependent manner, and as the region is not forested, no canopy 24 structure is included. Because descents were performed much more quickly than ascents, data acquired during the 1 ascents have higher spatial resolution than descent data. Where instrument time resolution limits 2 data availability, concentrations are interpolated from data at surrounding altitude and time bins. 3
In all model scenarios, measured photolysis frequencies are used where available. Otherwise, 4
MCM calculated values are scaled according to the ratio of the calculated and measured 5 photolysis rate of NO 2 . 6
While methane was not measured at the SPC groundsite or from the Zeppelin, measurements of 7 CH 4 were acquired from a mobile aerosol and trace gas laboratory ("Measurements Of Spatial The top panel of Fig. 3 shows the measured and modeled OH reactivity as a function of time and 5 altitude. Overall, the magnitude and vertical structure is well captured by measured VOCs and 6 their oxidation products. Where underestimated, the average discrepancy is less than 7%, with 7 larger discrepancies at lower altitudes. Speciated model contributions to OH reactivity are shown 8 in Fig. 4 , calculated with all species (including HCHO) constrained to observations. NO X 9 strongly influences the modeled OH reactivity, contributing 40% to modeled reactivity at 100 m, 
Potential sources of HCHO 25
The oxidation of additional non-measured VOCs is often cited as a possible source of missing 26
HCHO production in models (compared to FORMAT study, Junkermann, 2009). Using OH 27 reactivity measurements, one can place an upper bound on the overall VOC oxidation rate in the 28 atmosphere. As discussed above, measured VOCs and their modeled oxidation products explain 29 the majority of observed OH reactivity, though a small discrepancy is occasionally observed. To 1 investigate the possibility of non-measured HCHO precursors, an additional model scenario is 2 constructed in which the missing OH reactivity is assumed to be comprised entirely of ethene 3 (C 2 H 4 ). C 2 H 4 was chosen as a surrogate species because it produces HCHO from OH and O 3 4 oxidation with respective yields of 160% (Niki et al., 1981) and 154% (Alam et al., 2011) . Thus, 5 the increase in modeled HCHO per increase in calculated OH reactivity is maximized. 6 Figure 3 shows the effect of increasing C 2 H 4 on HCHO and OH reactivity. While measured 7 mixed-layer HCHO increases by as much as 1.3 ppb between 6:30 and 10:00 L.T., model HCHO 8 increases by only 300 ppt. In order to generate the required HCHO, modeled C 2 H 4 would need to 9 be increased such that calculated OH reactivity is up to 56% greater than the measurements. The model predicted entrainment of HCHO would affect the daytime radical budget and 2 resulting oxidative chemistry; however, limited observations in the residual layer did not allow 3 for comparing SCM simulations with measurements. If entrainment was the primary cause of 4 measurement and model discrepancy, the missing HCHO would be larger near the top of the 5 boundary layer and when HCHO concentrations aloft are the highest. In this study, the largest 6 discrepancies occur at the lowest altitudes and later in the morning. The highly resolved vertical 7 measurements enabled by the Zeppelin aircraft demonstrate that for this study, entrainment is 8 unlikely to be the primary cause of model/measurement discrepancies at low altitudes. however, these measurements were in September and October after the harvesting of the rice 13 fields, and we did not see such strong local sources during the flight. Acetonitrile, a tracer of 14 biomass burning, remains at a background levels of < 250 ppt. As CO is a product of incomplete 15 fuel combustion, it can be used to trace the influence of local traffic. CO does not increase 16 significantly during the time HCHO increases in the mixed layer (Fig. 5) . Using an emission 17 ratio of 3.14 g HCHO/kg CO observed at a highway junction in Houston, Texas 
Implications for ozone production 22
An additional HCHO source, regardless of the type, will have a direct impact on calculated 23 ozone production rates. The in-situ ozone production can be calculated as 24
where NO 2 is assumed to photodissociate leading to immediate ozone production (R1 and R2). 26
In our MCM-based calculations, the formation of organic nitrates is accounted for in the RO 2 + 27 NO reaction rates. As direct measurements of RO 2 were not available on the Zeppelin, the 28 analysis presented here relies on speciated modeled RO 2 concentrations and reaction rates. 1 Typical model RO 2 concentrations are between 10% and 30% of the sum of modeled RO 2 and 2 measured HO 2 , such that HO 2 accounts for the majority of the modeled NO to NO 2 conversion. 3
Because HCHO photolysis and oxidation accounts for as much as 39% model HO 2 production, 4 failing to include all sources of HCHO has significant effects on calculated HO 2 concentrations. 5
Though not probable in this analysis, if oxidation of unmeasured VOCs contributes significantly 6 to the HCHO budget, RO 2 concentrations would likely be underestimated. 7
Because the effects of transport on O 3 may be large, we do not explicitly compare measured and 8 modeled O 3 concentrations in this study. Instead, two model scenarios were constructed to 9 estimate the impact of missing HCHO on HO 2 mixing ratios and therefore ozone production. 10
Both simulations were carried out with HO 2 unconstrained, and HCHO was either fixed to Fuchs, H., Bohn, B., Hofzumahaus, A., Holland, F., Lu, K., Nehr, S., Rohrer, F., and Wahner, 27 1 trace gas exchanges simulated with a single-column model, J. Geophys. Res.-Atmos., 107, The 15% accuracy is a conservative estimate covering important photolysis frequencies. HCHO as a function of time and altitude. Missing P(O 3 ) is defined as P(O 3 ) calculated using 3 measured HCHO minus P(O3) calculated using modeled HCHO. 4
